We present a method for calculating the infrared polarization due to absorption and emission by aligned grains distributed in a disc or a torus. The temperature distribution in the torus is calculated with the axially symmetric radiative transfer code of Efstathiou & Rowan-Robinson. The polarization patterns predicted for a torus that is believed to be typical of those found in active galactic nuclei (AGN) show a characteristic flip in position angle, as the polarization changes from dichroic absorption to dichroic emission. The wavelength at which the flip occurs is very sensitive to the optical thickness of the torus but not to the fraction of aligned grains, their elongation or any other parameter we have explored. We also find that the predicted polarization is not sensitive to whether grain alignment extends into the hot (inner) part of the disc (T > 250 K) or not.
INTRODUCTION
It is now well established that at least some component of interstellar dust consists of elongated particles that are capable of aligning their axes of symmetry by some mechanism (Hildebrand 1988; Lazarian 1996) . This idea was originally put forward to explain the serendipitous discovery of interstellar polarization in the optical (Hall 1949; Hiltner 1949) . Subsequently, significant polarization in the infrared (especially associated with the 3.1-~m ice feature and the 9.7-and 18-~ silicate features) was discovered in the optically thick dust clouds surrounding newly fonned stars (for a recent review, see Aitken 1996) . At sufficiently long wavelengths these clouds are expected to become optically thin; the polarization should therefore reverse sign, with the E vector of the emitted radiation having its maximum in the plane containing the (projected) long axis of the grain (Hildebrand 1988) . This has been demonstrated by Hilde brand, Dragovan & Novak (1984) in Orion. For intermediate wavelengths we expect to see competition between absorption and emission, and therefore lower levels of polarization.
There has also been increasing evidence for aligned grains (Hough 1996) in the geometrically and optically thick mated by oblate or prolate spheroids) and the optical depth involved. In addition, the degree and sense of alignment are also expected to playa very crucial role.
Calculations of the polarization in the infrared have generally been limited to including the effect of absorption only (Lee & Draine 1985) or emission only (Wardle & Koningl 1990; Onaka 1995) . Thronson (1979) and, more recently, Aitken (1996) considered the combined effect of a purely emitting and a purely absorbing region. Onaka (1995) considered the polarization produced by optically thin dust heated by an anisotropic radiation field. Wardle & Koningl calculated the far-infrared polarization of optically thin emission from magnetically aligned grains in their model for the dust disc in the Galactic Centre. Their model included both toroidal and poloidal field components.
In this paper we calculate the infrared polarization due to both absorption and emission by aligned grains in dusty discs. We assume a relatively simple alignment configuration, i.e., one in which a fraction of oblate spheroidal grains are aligned with their minor axis parallel to (or precessing around) the axis of symmetry of the disc. This geometry can then be accommodated with the present axisymmetric radiative transfer code. We do, however, allow for the alignment efficiency to vary with grain temperature. The method we use is an adaptation of that used by Efstathiou & RowanRobinson (1990 to calculate the infrared emission by dusty discs.
THE COMPUTATIONAL METHOD
The computational procedure consists of two parts which are described in Section 2.1. In the first part, which involves the solution of the radiative transfer problem in a multigrain dusty medium to obtain the dust temperature distribution, we assume that all the particles are spherical in shape. In the second part, we substitute a fraction of one or more of the grain types with their 'equivalent spheroids' (see below) and calculate the polarization due to dichroic absorption/emission by the new mixture. We neglect the role of scattering in polarizing light, but this should be negligible for the wavelength range of interest in this study (i.e., A> 311m).
Radiative transfer in dusty discs
The iterative procedure for calculating the equilibrium temperature distribution in an axisymmetric dusty medium is described in detail in ER90 and ER95. Once convergence is achieved, the emergent spectrum is calculated for a number of viewing angles from a point outside the cloud, typically at a distance two orders of magnitude larger than the largest scale in the torus, as this avoids distortion by geometrical effects.
As in previous papers in this series, the grain mixture used in the calculations is that of Rowan-Robinson (1992, hereafter RR) , which leads to a very good agreement with the interstellar extinction curve and observations of interstellar clouds. The mixture invokes the minimum number of grain types (a total of seven) that can explain most of the observational evidence. It includes (i) O.l-l1m amorphous carbon grains with optical properties derived from models Draine & Lee (1984, hereafter DL) .
Having calculated the equilibrium temperature distribution in the cloud for spherical particles, we then assume that a fractionj; of the ith grain species (which is a parameter in the model) consists of spheroidal particles with a ratio of semi-axes parallel and perpendicular to the axis of symmetry b :a. We further assume that the temperature of these spheroidal particles is the same as that of the spherical particles of the same species. Strictly speaking, the temperature distribution of the spheroidal particles will be different from that of the spherical particles, but the effect should be small compared to other effects that determine the temperature distribution of grains. This assumption is justified in optically thick clouds, in which the radiation field can be assumed to be locally isotropic. The method of calculating the cross-sections of the equivalent spheroids is described in the next section.
The problem of calculating the polarization due to absorption/emission by aligned grains in a torus is much simplified if the rotation axis of all the aligned grains is the same, or at least is precessing about the same axis. This is unlikely to be the case in any realistic magnetic disc model (e.g. Koningl & Kartje 1994 ) that includes angular momentum. However, for the sake of simplicity, we explore only models in which a certain fraction of the oblate spheroids are perfectly aligned with the semiminor axis parallel to the torus axis of symmetry.
We choose a coordinate system such that z is in the direction of propagation of radiation, and x, y lie along the projected minor and major axes of the spheroids respectively. We split the intensity into two independent components, Ix and I y , polarized along x and y respectively. For a ray traversing the cloud the optical depths in the x and y planes correspond to the minimum and maximum values respectively. The fiuxpolarized in thex andy directions,Hx andH y , can then be calculated with two separate runs of the code described above. In each case the corresponding absorption cross-sections, C~ and C~ are used (see below) for the aligned particles. For the 'randomly orientated particles we use the cross-sections used by RR in both runs (in other words, we assume that C~ = C~ = C). Note that this approach ensures that both the emission and absorption by the elongated grains are taken into account. Throughout this section we drop the frequency subscript for simplicity.
The polarization is then given by the usual relationship p= (Hx -Hy)/(Hx + H y).
There are clearly only two possible values for the position angle of polarization in this model. Polarization due to dichroic absorption has a position angle (PA) of 0 0 , as measured from the projected torus axis of symmetry, whereas that due to emission has a P A of 90 0 • Note that polarization in emission gives a negative value for P as defined above.
The theory of (super)paramagnetic relaxation processes predicts that the magnetic relaxation time (or the time required for aligning J and B) is proportional to the temperature of the grain (Jones & Spitzer 1967; Lazarian & Roberge 1996) . Higher grain temperatures are invariably found in the inner part of the disc, where the density and temperature of the gas are expected to be higher. The gas damping time (or the time available for grains to align) is therefore smaller for the hot grains. The combined effect of these processes will be to decrease the efficiency of alignment in the inner part of the cloud. One process that may favour alignment in the inner part of the cloud is suprathermal rotation induced by the ubiquity of UV photons. For a critical examination of the various proposed alignment mechanisms and their applicability to the AGN environment the reader is referred to Kartje (1995, and references therein) .
It is not our intention in this paper to model these effects in any detail, but in order to assess how sensitive our results are to differential alignment efficiency in the disc we have modified the code to allow the effective cross-sections to vary with rand e. In particular, we will later consider models in which the grains become disoriented if their temperature exceeds a certain critical temperature, which we will refer to as Ta. Apart from this modification the procedure for calculating Hx and Hy is the same as that used by ER95.
Cross-sections of 'equivalent spheroids'
The theory of grain alignment has not yet been developed to a degree that allows us to make definite predictions about which components of interstellar dust are more likely to be aligned in any particular environment and with what efficiency. Our method can accommodate alignment of all grain species. However, in this paper we consider models in which only the O.l-l1m amorphous silicates are aligned (Mathis 1986 ). This choice is also consistent with the observation (Whittet 1995 , and references therein) that the polarization of the interstellar medium arises from aligned grains with an average size larger than those responsible for the total extinction. We also restrict our analysis to oblate spheroids. It is easy to see that prolate grains that are rapidly spinning about their minor axis, which is always expected to be the case, would show similar behaviour to oblate spheroids.
The effective cross-sections of the spheroids in the x and y directions are given by (Lee & Draine 1985) where fJ is the angle between the spin axis of the grain and the field axis, and ev is the angle the observer's line of sight makes with the plane of the disc. CII and C 1. are the crosssections for light polarized parallel and perpendicular to the grain symmetry axis.
In principle, C'1. and C;I at wavelengths longer than about 1 11m can be calculated with the dipole approximation of DL. To do this, we require knowledge of the dielectric constants of the amorphous silicates in the grain model of RR, which unfortunately are not available. We have therefore developed a simple technique for modifying the dielectric constants of the astronomical silicates of DL in order to fit the emissivity of the amorphous silicates of RR.
The construction of a dielectric constant that agrees with the observed emissivity of the assumed material, and is physically plausible, is a time-consuming procedure (DL). The iterative procedure consists of assuming a form for the imaginary part of the dielectric constant B 2 , using the Kramers-Kronig relation to calculate the corresponding B) and then using B to predict Qabs' Qabs is then compared with the observed emissivity, and differences between the two are used for updating the estimate of B2 and iterating until satisfactory agreement is obtained. To simplify this procedure, we assume that the imaginary part of B for the amorphous silicates of RR, B RR , has the general form of that derived by DL, B DL , i.e., where a and b are constants. The motivation for choosing this particular form for B~R stems from the general shape of the B~L curve, and from the fact that the main difference between the astronomical silicates of DL and the amorphous silicates of RR is that the former give lower Qabs in the A < 10 Ilm range (i.e., they are less 'dirty'). Note that a change of a affects mainly the A < 10 11m range, whereas a change of b affects mainly the longer wavelengths. David & Pegourie (1995) have recently used lRAS low-resolution data of circum stellar dust shells to derive dielectric constants for silicate grains. Their results are qualitatively similar to those of DL, and give further credence to our approach.
The real part of the dielectric constant B~R is then given by the Kramers-Kronig relation, where w = 2nc/ A, and P denotes that the principal value of the integral should be taken. This can be rewritten as We find that a reasonable agreement is obtained with a = 0.4 and b = 1. In Fig. 1 we plot the Qabs computed with the revised dielectric constants, together with that used by RR. The agreement between the two is good, except in the trough just shortwards of the 9.7-l1m resonance and in the width of the· resonance itself. It is easy to incorporate terms dependent on A in the equation relating B~R and B~L which will give more parameters and a better fit, but we do not feel that the improvement in the fit justifies the extra effort, at least for the purposes of the present study.
There are clearly a number of interesting disc geometries and regions of the parameter space that need to be explored. Recent detailed radiative transfer calculations (ER90; Pier & Krolik 1992; Granato & Danese 1994; ER95) have shown that the theoretically predicted spectral energy distributions (SEDs) of discs are very sensitive to the assumed shape of the disc. The same could also apply to the predicted polarization patterns. In this paper, however, we limit our study to an exploration of the sensitivity of the polarization on the assumed alignment configuration for a given disc. For this purpose we choose a tapered disc, which we think is typical of those expected to be present in the nuclei of active galaxies. A tapered disc is one whose thickness increases with distance from the centre of the system, in its inner part, but tapers off to a constant value in its outer part (see Fig. 2 for a schematic and definition of the basic geometrical parameters). The arguments in support of this particular geometry are presented in ER95, and so there is no need to reproduce them here. In short, it is the kind of geometry that predicts spectra for type 1 (broad-lined) and type 2 (narrow-lined) objects that are in agreement with observations, in particular as regards the width of the spectra and the appearance of Polarization by aligned grains in dusty discs 105 in the disc follows r-). <~ is the ultraviolet (lOOO-A) optical depth for a line of sight to the central source along the equatorial plane of the disc. The primary source of radiation in these models is a 'broken' power law that approximates the average of the UV/optical emission of the PG quasars (Rowan-Robinson 1995). The SED of this 'standard' tapered disc is given by ER95. The parameter space can be thought of as three-dimensional, with the axes being the optical depth of the disc, the efficiency of alignment, and the geometry of the aligned grains. We examine each of these axes in tum in the following sections. For the model at the origin of this grid we assume that 15 per cent of the O.l-~m amorphous silicate grains are perfectly aligned (i.e., f3 = 0) throughout the disc (i.e., Ta = T) = 1000 K, where TJ is the sublimation temperature of the aligned grains). The aligned particles are assumed to be oblate, with a ratio of their semi-axes II and .1 to the grain's axis of symmetry of 1: 2. The polarization predicted for this model as a function of viewing angle is shown in Fig. 3(a) .
There are several features of the predicted polarization pattern which are worth noting. First, as expected, the polarization P A changes by 90° (or the polarization becomes negative) at some wavelength Ac which (except in the case of the edge-on view) is rather weakly dependent on the inclination with which the disc is viewed. For A < Ac the polarization is generally in absorption, whereas for A > Ac it is in emission. For wavelengths longer than 100 ~m (not shown) the polarization continues to rise up to about 200 ~m and then falls again, reaching asymptotically zero, as other grain species, especially the 30-J.!m grains, which in this model are not aligned, dominate the emission and therefore dilute the polarization produced by the amorphous silicates. The emissive polarization decreases with increasing 8v (i.e., as the system is viewed more face-on), as the difference between ex and C y becomes progressively smaller. In the absorptive part of the curves, we note the 10-and 20-~m features, which are prominent only in the edgeon view. What is especially interesting is that although the lO-~m absorption cross-section is higher than that in the near-infrared, the lO-~m polarization is lower by about a factor of 2. To understand this and other effects discussed below, we need to study the temperature distribution in the disc in some more detail.
In Fig. 4 we plot the temperature distribution of the amorphous silicate grains on the equatorial plane of the torus. The temperature distributions of other grain species are very similar, especially in the outer part of the disc.
There is also only a small variation with e at a given radius. T falls to about half of its maximum value (at the inner radius of the disc) at r~ 1.5r l , and to about a quarter at r ~ 5rl • In the outer part of the disc (r> 15rl ) the temperature is in the range 150 > T> 100 K. Also plotted in Fig. 4 is the 1000-A optical depth due to the whole grain mixture, from the outer edge of the disc to radius r along the equatorial plane. The total absorption optical depth due to the amorphous silicate grains is about 65 in the UV, 5.3 at 3 /lIIl, 12 at 10 11m, and about 1.8 at 30 11m. The distribution of temperature and optical depth in the disc, shown in Fig. 4 , can explain the steep rise in polarization in the near-infrared. As the hot ( > 500 K) dust is concentrated so close to the inner radius of the disc, at near-infrared wavelengths we essentially have a hot source being absorbed by a cold medium which gives rise to high degrees of polarization. In the mid-infrared, however, the emitting and absorbing dust are more uniformly mixed and so, on average, less absorption is suffered, which in turn gives rise to lower polarization.
Efficiency of alignment
So far, we have assumed that a constant fraction of the amorphous silicate grains are aligned throughout the disc. The alignment efficiency of these grains,itl.1sj, can, however, be a function of temperature or physical conditions in general. In order to explore models in which the alignment efficiency varies with position in the disc, we assume that fo.1s;( T:5. Ta) =0.15 andfo.JS;( T> ia) =0, where Ta is treated as a free parameter. This naive definition of fo.1s; could, of course, almost equivalently be formulated in terms of a critical density or radius.
We have computed models that assume Ta in the range 100 to 1000 K Surprisingly, for 1000> Ta> 200 K we see very little change in the polarization predicted by the model. The polarization predicted for 10 pm as a function of Bv is plotted in Fig. 5(c) . The same pattern is repeated at other wavelengths. As we lower Ta below 200 K, we see a sharp reduction in polarization at about 150 K (see Fig. 3c ) both in absorption and in emission. However, there is no significant change for Ac. These results suggest that only the outer 25 per cent of the disc is responsible for the observed polarization. This effect can also be understood by reference to Fig. 4 , which shows that even if the inner part of the disc produces high polarization, because it is lying behind a high optical depth, its contribution to the total flux is negligible. The region responsible for the emission, and hence the polarization, is that exterior to a photosphere which, although it depends on the wavelength, is within a region where the temperature does not exceed 200 Kit is interest-ing that the edge-on view suffers a smaller proportionate decrease in polarization than more face-on views. For the latter the inner part of the disc is partly visible, and therefore changes in its polarizing capacity have a more direct effect.
We have also investigated the effect of allowing the axis of rotation of the aligned grains to precess about the axis of symmetry of the disc. In Fig. 3( d) we show the polarization predicted for p = 30°, which shows the same general trends as the standard model but with generally lower levels of polarization. The precession of grains does not therefore change the general characteristics of the polarization dependence, but can be thought of as having a diluting effect on the state of polarization. In Fig. 5(b) we show the effect of changing the angle p on the polarization at 10 Jlm.
All models assume Ta = 1000 K 3.2 Grain geometry and optical depth effects
In Fig. 5(a) we explore the effect of changing the ratio of major to minor grain axes, a :b, on the polarization. It is clear that while the polarization increases with increasing oblateness of the particles, the effect becomes less and less important. We should also add the cautionary note that as we increase a: b, the validity of our assumption that the temperature of the aligned spheroidal grains is the same as that of the randomly oriented grains becomes more questionable. Again there is no noticeable change of Ac• In Fig. 3(b) we plot the polarization predicted for a model that is optically thinner than the standard model by a factor of 4 (1: uv =250). For this model we therefore use a different temperature distribution from that plotted in Fig. 4 .
This model shows generally lower levels of polarization in absorption but higher in emission, as expected. Note also that Ac is now lower (about 20 JllIl) for the edge-on view, although the silicate feature complicates things somewhat (in fact, the polarization almost moves into emission at about 13 11m, which corresponds to the trough in Qabs between the 10-and 18-l1m silicate features). These results are consistent with the idea that what determines Ac is the optical depth at which the torus becomes optically thin (see Appendix A). This model also shows a sharper rise (and fall) of polarization around the 10-l1m feature, as well as a different shape for the 'shoulder' longwards of 10 11m compared to that seen to the other models included in Fig. 3 . Note also that the 60° view in this model shows no change in PA, with the polarization staying always in emission.
DISCUSSION
The results presented in the previous section show interesting patterns for the wavelength dependence of the infrared polarization. They also show that the wavelength at which the polarization changes sign, Ac, is very weakly dependent on the parameters we have explored. The only exception is the equatorial optical depth of the disc. In Appendix A we derive an analytic estimate of the wavelength at which the flip in P A occurs for radiation transferred along a single ray, which closely agrees with our numerical results.
The predicted Ac for our standard model (about 30 11m) is consistent with polarization observations of dust-embedded young stars like the BN object in Orion and AFGL 2591 (Aitken 1996 , and references therein), as no flip in PA is observed out to 22 JllIl. The observed wavelength dependence of polarization also shows an encouraging resemblance with the (edge-on) model results. A more quantitative comparison of model calculations (that assume density distributions and grain alignments more relevant for such systems) with the observations will be pursued in future work.
Our results imply that for the given grain model (or, indeed, any other grain model that fits the emissivity of the interstellar medium) and the assumed alignment, the only way to shift Ac to the near infrared (as observed in NGC 1068) is to reduce the optical thickness of the torus. However, recent attempts to model the infrared emission from the torus in AGN (Pier & Krolik 1992; ER95; Efstathiou, Hough & Young 1995) show that the typical equatorial optical depths involved could be even higher than the one assumed for our standard model. This result suggests that an additional (emissive) dust component is needed in the mid-to near-infrared. Interestingly, such a component has both been observed (e.g. Cameron et al. 1993) and also found to be necessary in recent attempts to model the SED of the nucleus of NGC l068. The model of for the infrared continuum of NGC 1068 includes a torus similar to that assumed here and optically thin dust which is spread throughout the (ionization) cones. The model predicts that the emission from the conical dust peaks in the near infrared. If this dust can produce polarization with the same PA as the emissive component in the torus, then it could dilute the absorptive polarization produced by the torus and therefore shift Ac to a shorter wavelength. This idea has been partly tested by Efstathiou et al. (1996) , who report some promising results from a limited study of the parameter space. More comprehensive testing ofthis idea, preferably with an evolved version of the code that assumes more realistic magnetic fields (see below), is well in order.
Despite the problem with Ac, it is encouraging that both the results from this paper and those of Efstathiou et al. (1996) show that the predicted degree of polarization for a viewing angle of 45° (as assumed in the model for NGC 1068) is rather flat in the wavelength range 8-13 11m, in good agreement with the observations of Aitken et al. (1984) .
Polarimetric observations of the magnetic field near the Galactic Centre and in circumstellar discs indicate more complex morphology than the essentially poloidal one assumed here (Hildebrand et al. 1993; Chrysostomou et al. 1994) . This is also expected theoretically from realistic models of magnetic discs. The authors are currently developing a more general method that will allow the study of other alignment configurations (e.g., a toroidal field) in both the AGN and circumstellar environments.
CONCLUSIONS
We present a method of adapting a full axially symmetric radiative transfer code to include a component of grains polarizing with absorption and emission. We calculate the polarization produced by oblate silicate grains in a dusty disc. We have explored the effect of a number of factors, such as the alignment efficiency of the grains, their geometry and the optical depth of the disc on the predicted polarization. Our main conclusions can be summarized as follows.
(1) The PA of polarization generally changes by 90° at a wavelength longer than 10 JllIl. The wavelength at which this takes place decreases with decreasing optical thickness of the disc, but is independent of the degree of alignment and the oblateness of the particles.
(2) Apart from the edge-on view, the degree of polarization shows very little variation across the silicate resonances.
(3) The polarization predicted by the model is insensitive to whether grains in the hot (inner) part of the disc (T> 250 K) are aligned or not.
This study has shown that even a relatively simple model for alignment produces interesting and occasionally counter-intuitive effects. Work in progress aims to study to what extent these conclusions are modified when more complicated (and more realistic) grain alignments are assumed. range 2 to 2.5. This result is independent of r)'ry andf So
